We report the molecular cloning and expression of the zebrafish tcf-3 homologue and study its function and that of zebrafish bcat in dorsoventral patterning. Overexpression of mutant zTcf-3 products and Cadherin leads to a reduction in the expression of the dorsal-specific genes goosecoid and chordino at the blastula stages, indicating a conserved role for bcat and Tcf-3 in zebrafish dorsal axis induction. Later during gastrulation, overexpression of these same products leads to the ectopic expression of dorsal-specific genes in the marginal zone and the induction of ectopic axes, suggesting an additional role for bcat and Tcf-3 at these later stages in the repression of dorsal fates.
Introduction
Embryological transplantations in amphibia have defined two regions capable of organizing the dorsal axis of the vertebrate embryo, known as the Nieuwkoop center and the Spemann organizer. Cells of the Nieuwkoop center are found in dorsovegetal regions of blastula stage embryos and can induce a dorsal axis in a nonautonomous manner (Nieuwkoop, 1969) . The Nieuwkoop center in turn induces the Spemann organizer in the overlying dorsal mesoderm. Cells of the Spemann organizer are determined to become part of the dorsal axis itself and secrete signals that can on one hand dorsalize the mesoderm and on the other induce neural tissue in the overlying ectoderm (reviewed in Slack, 1994; Lemaire and Kodjabachian, 1996) Structures analogous to these organizing regions have been found in other vertebrates, including teleost fish, where the equivalents of the Nieuwkoop Center and Spemann Organizer are, respectively, the yolk syncytial layer (Long, 1983; Mizuno et al., 1996) , and the embryonic shield (Luther, 1935; Oppenheimer, 1936a,b; Shih and Fraser, 1996) .
The pathway activated by secreted proteins of the Wnt family has been shown to be involved in numerous developmental processes (reviewed in Cadigan and Nusse, 1997) . Activation of this pathway before the midblastula transition leads to the accumulation of b-catenin (bcat) protein and the non cell-autonomous induction of complete axes in Xenopus and zebrafish, thus mimicking the activity of the Nieuwkoop center (reviewed in Moon et al., 1997 ; see also Kelly et al., 1995a,b; Wylie et al., 1996; Fagotto et al., 1997) . In Xenopus, elimination of maternal endogenous bcat results in embryos which lack a dorsal axis (Heasman et al., 1994; Fagotto et al., 1996) , showing that bcat is indeed required for endogenous induction. This idea is supported by the observed nuclear accumulation of bcat protein in the prospective dorsal side of early Xenopus and zebrafish embryos (Schneider et al., 1996; Larabell et al., 1997) . In both amphibians and fish, this dorsal nuclear accumulation is thought to be the result of a Wnt-like maternal signal, originally associated with the vegetal pole of the oocyte, which during the early cleavage stages is translocated towards the animal pole along the cortex (reviewed in Gerhart et al., 1989 ; see also Jesuthasan and Strähle, 1996; Sakai, 1996; Kageura, 1997) . However, this Wnt-like signal may not be a secreted Wnt ligand but rather an intracellular activator of the pathway (Hoppler et al., 1996; Sokol, 1996; Yost et al., 1996) .
bcat has been recently found to physically interact with DNA binding factors, namely the products of the related genes mouse lef-1, Xenopus tcf-3 and Drosophila TCF/pan-golin (reviewed in Clevers and van de Wetering, 1997) . A bcat/Tcf-3 complex has been proposed to act as a bipartite transcriptional activator, with bcat providing a transcriptional activator domain and Tcf-3 allowing sequence specific DNA binding. Recent evidence suggests, though, that at least part of the function of bcat may be to release transcriptional repression by Tcf-3 (Brannon et al., 1997; Merriam et al., 1997) . Three direct targets of bcat and Tcf-3 transcriptional regulation have been found in Xenopus, the genes siamois (sia, Lemaire et al., 1995; Carnac et al., 1996; Fan and Sokol, 1997) , Twin (Laurent et al., 1997) and Xnr3 (McKendry et al., 1997) , which are thought to mediate their activity.
While activation of the Wnt pathway before MBT promotes dorsal fates. activation after MBT leads to the opposite effect, that is, the ventralization of the dorsal mesoderm (Christian and Moon, 1993) . In Xenopus, inhibition of Wnt ligand has shown that Wnt activity is required for muscle induction, a ventrolateral fate, and for repression of dorsalspecific genes (Hoppler et al., 1996; Leyns et al., 1997; Wang et al., 1997; Hoppler and Moon, 1998) . This suggests that during gastrulation Wnt activity mediates mesodermal patterning along the dorsoventral axis by promoting ventrolateral fates and repressing dorsal fates. The gene Wnt8 is expressed in ventrolateral regions of both Xenopus (Christian et al., 1991; Smith and Harland, 1991) and zebrafish (Kelly et al., 1995b) , and is thus a good endogenous candidate to mediate this effect. So far, no studies have identified downstream components involved in this second, post-MBT, Wnt pathway.
Here, we report the cloning and expression pattern of ztcf-3, the zebrafish homologue of xtcf-3 and show that zTcf-3 and zbcat, like their Xenopus counterparts, are likely required at the blastula stages to activate dorsal-specific genes. In addition, our results suggest a role for bcat and Tcf-3 during gastrulation in the repression of dorsal-specific genes, possibly as mediators of Wnt8 activity.
Results

Molecular cloning of ztcf-3
A low stringency hybridization screen of a neurula cDNA library led to the isolation of a cDNA whose conceptual translation produces a complete protein of 547 amino acids with highest identity to Xenopus Tcf-3 (81% overall identity over aligned sequences, Fig. 1 ) and mouse Tcf-3 (Korinek et al., 1998 ; 77% overall identity). Therefore, we named this gene ztcf-3. The conservation is higher for the first 485 amino acids (84% and 81% identity, respectively), while the last 62 amino acids are less well conserved (57% and 51% identity). Sequence alignment also shows extensive homology with other vertebrate Tcf proteins, such as chicken TCF, and human TCF1 and LEF1 (Fig. 1). 
Expression of ztcf-3 during embryogenesis
Northern analysis reveals that ztcf-3 is expressed as a 2.7 kb transcript throughout the first 5 days of development (Fig. 2) . Transcripts can be detected before the activation of zygotic transcription at the midblastula transition (MBT, 3-4 h postfertilization (pf), Kane and Kimmel, 1993) , indicating their maternal origin.
Whole-mount in situ hybridization analysis confirms the presence of maternal transcripts in early cleavage embryos (Fig. 3A,B) . Transcripts can be observed ubiquitously before and after MBT until 50% epiboly (not shown). At the shield stage (6 h pf), an enrichment of the transcript can be detected in the dorsal involuting mesoderm (Fig. 3C,D) , a pattern that is maintained in the axial mesoderm during gastrulation and early somitogenesis (Fig. 3C-K) . At about 75% epiboly (8 h pf), strong expression of the transcript appears in the prospective neuroectoderm while it begins to subside in ventral regions of the embryo (Fig .   Fig. 1 . Alignment of the zTcf-3 protein with other vertebrate Tcf proteins. Note the high level of similarity between xTcf-3 and zTcf-3 throughout their entirety, with the exception of a lower degree of conservation at their C-termini. Identities with zTcf-3 are boxed in darker grey, other identities are boxed in lighter grey. The bcat-binding domain and the DNA-binding HMG domain are indicated by boxes at the N-terminus and middle of the protein, respectively. The nuclear localization sequence immediately Cterminal to the HMG domain is underlined. 3E,F). At the end of gastrulation (bud stage, 10 h pf), the neuroectodermal domain of expression demarcates the neural plate (Fig. 3G,H ) and increased expression can be observed in the developing tail bud (Fig. 3G,I ).
During the early somite stages, ztcf-3 is enriched in the prechordal mesoderm and developing notochord and in ventromedial regions of the brain and neural tube (Fig. 3J) . As somitogenesis progresses, expression decreases in the trunk, with the exception of the tail bud (Fig. 3K) , where an enrichment persists until about 36 h pf (not shown). Other enrichments can also be observed in the forebrain, the midbrainhindbrain boundary and in several stripes within the hindbrain, as well as in the developing otic vesicles (Fig. 3K ). Embryos at 24-48 h pf, the latest stages examined, express ztcf-3 in most developing tissues, although at lower levels in the posterior trunk and tail (not shown).
Interference with Tcf and bcat activity leads to the absence of early dorsal-specific gene activation
We tested whether zTcf-3 and bcat are required to induce a dorsal axis in zebrafish by injecting RNA coding for proteins expected to act as dominant negative products. In order to interfere with Tcf3 activity, we expressed a mutant form of zTcf-3 lacking the bcat binding domain (DNTcf, Fig. 4 ), which is similar to constructs previously shown to inhibit target gene expression and axis formation in Xenopus (Behrens et al., 1996; Molenaar et al., 1996) . In order to interfere with bcat activity, we sought to deplete the functional bcat protein pool by overexpression of the N-terminal bcat-binding domain of Tcf-3 (TcfBD, Fig. 4 ). As an independent way of inhibiting bcat, we overexpressed Xenopus EP-(or C-) Cadherin, whose cytoplasmic domain also physically interacts with bcat (Jou et al., 1995 and references therein) and whose overexpression has been previously shown to induce phenotypes similar to those caused by bcat depletion (Heasman et al., 1994; Fagotto et al., 1996) .
In order to ascertain whether these constructs are acting as dominant-negative constructs, we tested their effects on transcription from the Xenopus sia gene, a known direct transcriptional target of Tcf-3 (Brannon et al., 1997) . For this purpose we coinjected into zebrafish embryos RNA coding for the tested proteins together with plasmid DNA containing a reporter luciferase gene under the control of the sia promoter (Brannon et al., 1997) . As expected, expression of DNTcf, TcfBD or EP-Cadherin leads to a reduction in luciferase expression ( Fig. 4B-D ; see also Brannon et al., 1997) . We next tested whether this inhibition could be suppressed by the coinjection of wild-type products. Injection of wild-type zTcf-3 RNA, alone or coinjected with bcat RNA, also led to reductions in reporter expression, although these were weaker than when similar amounts of DNtcf RNA are injected (data not shown). This result is consistent with a recently proposed repressive function of xTcf-3 (Brannon et al., 1997; Merriam et al., 1997) . Nevertheless, this fact precluded our using wild-type zTcf-3 to suppress the transcriptional inhibition caused by DNTcf. Expression of mouse Lef-1, on the other hand, results in a strong activation of transcription (data not shown). These results are in agreement with the observation that mLef-1, as opposed to xTcf-3, can induce ectopic axes when expressed in Xenopus embryos, a difference which has been proposed to be due to the presence of the CAD activator domain in Lef-1 (Clevers and van de Wetering, 1997) . We find that coexpressed mLef-1 can suppress the transcriptional repression caused by DNTcf (Fig. 4B) . Similarly, coinjection of (Brannon et al., 1997) . Coinjection of mLef-1 rescues the inhibition of transcription caused by DNTcf (B), and coinjection of bcat suppresses the repression caused by TcfBD (C) or EP-Cadherin (D). Amounts of RNA injected per embryo were 800 pg for the lacZ or prolactin control RNA when injected alone and 400 pg each RNA in coinjections, except in (C), in which they were 250 pg of tcfBD RNA and 550 pg of bcat or control RNA (amounts adjusted to obtain a more even molar ratio). Reporter plasmid DNA was included in the injected mixture to deliver 14 pg of DNA per embryo. As previously shown in Xenopus (Brannon et al., 1997) , luciferase expression depends on the presence of the intact Tcf binding sites in the sia promoter (data not shown).
RNA coding for bcat partially suppresses the transcriptional repression caused by TcfBD (Fig. 4C ) and EP-Cadherin (Fig. 4D) . These results suggest that DNTcf specifically interferes with a Tcf-like activity, and that TcfBD or Cadherin specifically interfere with bcat activity.
Because ectopic axis induction in zebrafish often leads to hyperdorsalized phenotypes which are difficult to interpret (Kelly et al., 1995a ; our own unpublished data), we chose to test for dorsal induction by monitoring, using whole-mount in situ hybridization, the expression of the dorsal-specific genes goosecoid (gsc, Stachel et al., 1993; Schulte-Merker et al., 1994) and chordino (chd, Schulte-Merker et al., 1997) . Injection of RNA coding for bcat induces, as previously reported (Kelly et al., 1995a) , strong foci of ectopic gsc or chd expression (Fig. 5B,G,L) . Injection of ztcf-3 RNA, on the other hand, does not induce foci of ectopic gsc expression (not shown). Injection of DNtcf, but not control prolactin or lacZ RNA, strongly reduced or completely abolished the levels of endogenous and bcat-induced gsc and chd expression (Fig. 5C, Fig. 6 , top panels, and data not shown). Similarly, injection of tcfBD and EP-cadherin RNA also led to a strong suppression of endogenous and bcat-induced gsc and chd expression (Fig. 5D,E, Fig. 6 , top panels, and data not shown).
Loss of dorsal-specific gene expression caused by dominant negative products results in ventralized embryos
Overexpression of wild-type Tcf-3 appears to not affect axis formation, although later during gastrulation it inhibits the completion of epiboly (not shown). On the other hand, overexpression of TcfBD has dramatic consequences for axial patterning without any apparent effect on epiboly (Fig. 7) . While control-injected embryos develop the characteristic dorsal thickening, or shield, at 6 h pf (Fig. 7A) and bcat-injected embryos develop enlarged or supernumerary shield-like structures (Fig. 7C, Kelly et al., 1995a) , embryos overexpressing TcfBD lack an identifiable shield and are radially symmetric (Fig. 7E) . By 24 h, some tcfBD-injected embryos develop axis-deficient phenotypes which range from reductions in head structures and dorsal derivatives, such as the notochord, to radially symmetric ventralized embryos ( Fig. 7F,G ; Table 1 ). These ventralized embryos are very similar to those produced by overexpression of the ventral factors BMP-2 and -4 (see e.g. Kishimoto et al., 1997) .
In order to further study the effects of TcfBD overexpression, we examined the expression of the zebrafish homologue of even skipped 1 (eve), which is normally expressed during gastrulation in the ventral marginal zone (Joly et al., 1993) . Double stainings for eve and gsc or chd during gastrulation show that, in a fraction of the embryos overexpressing TcfBD, eve is expressed throughout the margin (Fig.  8B) , indicative of an expansion of ventral fates.
Overexpression of DNTcf causes reduced epibolic movements and abnormal gastrulation (not shown). This phenotype could be a consequence of extreme ventralization, as gastrulation is known to be inhibited in ventralized embryos (Gerhart et al., 1989) . Together, these experiments suggest that in zebrafish, as in Xenopus, bcat and Tcf-3 are both required to activate dorsal-specific gene expression and dorsal fates.
Interference with bcat and Tcf-3 activity induces the late ectopic expression of dorsal-specific genes in marginal regions
Initial experiments indicated that injection of DNtcf, tcfBD and cadherin RNA, aside from inhibiting axial gsc and chd expression, also caused the ectopic activation of these genes in marginal regions of the embryos. These results suggested that bcat, in conjunction with Tcf-3, may be involved in the repression of dorsal-specific gene expression in marginal areas.
In order to distinguish the apparently opposing functions of Tcf-3 and bcat in dorsal-specific gene expression, we carried out a time course of dorsal marker expression in embryos overexpressing products expected to interfere with bcat or Tcf function. Embryos were injected with RNA coding for Prolactin, bcat, DNTcf, TcfBD or EP-Cadherin immediately after fertilization, collected at various time points between midblastula and midgastrulation and analyzed for gsc and chd expression using in situ hybridization (Figs. 5 and 6 ). The initial expression of both genes in control-injected embryos can be detected as a crescent at the prospective dorsal side of the early blastula embryo (3.3 h pf, shown for chd at 4 h pf in Fig. 5A ). As development progresses, this domain of expression sharpens and becomes restricted to the dorsal involuting mesoderm at the shield stage (6 h pf; Fig. 5F ,K). As expected, bcat overexpressing embryos ectopically express dorsal-specific genes at the same stage (3.3 h pf) as when the endogenous domain appears in control embryos (shown for chd at 4 h pf in Fig. 5B ). In embryos injected with DNtcf, tcfBD and cadherin RNA, on the other hand, the early dorsal-specific gene expression at this stage is undetectable (Fig. 5C,D ,E, and data not shown) and the ectopic marginal expression does not appear until 30% epiboly (4.7 h pf; shown at 6 h pf in Fig. 5H-J,M,N) . The percentage of embryos with normal, reduced or ectopic expression for two of these time points (3.3 and 6.0 h pf) are presented in Fig. 6 .
In a separate set of experiments, RNA coding for a Myctagged version of DNTcf was injected in a more restricted manner (see Methods) and then both the expressed protein and the ectopic gsc expression were detected during gastrulation (Fig. 5O) . Because at the time of injection the blastomeres that will divide to produce marginal cells are interconnected through the yolk, this experimental design does not allow to test for cell autonomy. Nevertheless, this experiment clearly shows that DNTcf protein perdures until gastrulation and that the gsc ectopic domain coincides with the region of cells overexpressing this mutant protein.
These data show that mutant constructs expected to interfere with bcat or Tcf-3 function abolish the endogenous dorsal expression at the blastula stage and subsequently lead to ectopic marginal expression during gastrulation.
Dorsal-specific ectopic gene expression during gastrulation results in ectopic axis formation
A fraction of tcfBD-injected embryos forms single or duplicated axes centered around the vegetal pole (Fig. 7H , Table 1 ), some of which form forebrain and eyes and therefore appear complete. Since all of the tcfBD-injected embryos lack a shield at 6 h pf (data not shown), we infer that these induced axes develop as a consequence of the late ectopic expression of dorsal-specific genes observed during gastrulation. Most of these TcfBD-induced axes contain somites, although all axes examined lack a notochord (Fig. 7H) , an observation consistent with a lack of expression of notochord gene markers (data not shown). Thus overexpression of the bcat-binding domain induces ectopic heads and parts of the axis.
The late axis induction observed in tcfBD-injected embryos correlates with the expression of dorsal-and ventral-specific genes. Double stainings for eve and gsc or chd during gastrulation show that a fraction of the embryos overexpressing TcfBD express dorsal-specific genes ectopically and correspondingly exhibit low eve expression (Fig.  8C) . The downregulation of eve expression may be a consequence of ectopic dorsal-specific gene expression, since eve is known to be negatively regulated by chd (Hammerschmidt et al., 1996a,b) .
DNTcf overexpression can also induce duplicated axes (data not shown). Together, these results support our in situ hybridization analysis and suggest that interference with bcat and Tcf activity leads to an early axial inhibition (ventralization) and, in those embryos in which the inter- D) bcat-injected embryos produce enlarged or ectopic shield-like structures at 6 h pf (arrowheads in C), and by 24 h pf have developed into hyperdorsalized or double axis embryos (D). The arrowhead indicates the notochord, which is often enlarged or duplicated (see also Kelly et al., 1995a) . Arrows indicate eyes in each axis. (E-H) tcfBD-injected embryos lack a recognizable shield at 6 h pf (E). By 24 h tcfBD-injected embryos form either ventralized embryos (F,G) ference perdures during gastrulation, a late axial induction (dorsalization).
Autoregulation of ztcf-3
Since the earliest zygotic accumulation of ztcf-3 transcript occurs in the shield, and bcat induces both ectopic shield and ectopic expression of dorsal-specific genes, we tested whether bcat induces the expression of ztcf-3 itself. This is indeed the case, since embryos injected with bcat RNA strongly express ztcf-3 at ectopic sites (Fig. 9) . Thus, bcat, presumably in conjunction with Tcf-3, is a direct or indirect activator of zTcf-3 expression.
Discussion
Previous reports had shown that bcat and Tcf-3 are required for axis induction in Xenopus embryos (Heasman et al., 1994; Fagotto et al., 1996; Behrens et al., 1996; Molenaar et al., 1996) . In the zebrafish, it has been previously shown that bcat can induce ectopic axes (Kelly et al., 1995a) but not whether, in this organism, reducing bcat function leads to axis deficiencies. Here, we confirm and extend the role of bcat and Tcf-3 in axis induction in zebrafish by showing that overexpression of bcatbinding and Tcf mutant proteins leads to a reduction in dorsal-specific gene expression. Moreover, these studies suggest a role for bcat and Tcf-3 later during gastrulation in the repression of dorsal-specific genes in the marginal zone.
Early expression of ztcf-3 in zebrafish
Zebrafish tcf-3 RNA is maternally supplied and present ubiquitously until the midgastrula stages, when it becomes enriched in the axial mesoderm. This expression is similar to that of its Xenopus and mouse homologues, which are expressed ubiquitously in early embryos (Molenaar et al., 1996; Korinek et al., 1998) . In addition, ztcf-3 transcripts are strongly enriched in the prospective neuroectoderm, and at later stages in the ventromedial CNS, several bands along the anteroposterior axis of the CNS and the tail bud. It will be interesting in the future to ascertain the function of ztcf-3 in these tissues.
bcat and Tcf-3 activate dorsal genes at the blastula stage
Our results suggest that bcat and Tcf-3 are both required for the activation of dorsal genes in the zebrafish. The fact that bcat, but not Tcf-3, can on its own induce dorsal marker gene expression al ectopic sites (Kelly et al., 1995a;  this report), suggests that in the embryo bcat is the component in limiting quantity. This is in agreement with the observed accumulation of bcat in dorsal nuclei at the cleavage and blastula stages (Schneider et al., 1996; Larabell et al., 1997) .
We show that overexpression of products expected to interfere with the function of either bcat or Tcf-3 leads to the reduction of early dorsal-specific gene expression. Our data and previous observations suggest that these mutant constructs indeed reduce Tcf-3 and bcat function. Overexpression of mutant Tcf products, including the bcat-binding domain, as well as Cadherin leads to the loss of early dorsalspecific gene expression, an effect consistent with the production of axial deficiencies in Xenopus by overexpression of similar Tcf constructs (Behrens et al., 1996; Molenaar et al., 1996) and by bcat depletion (Heasman et al., 1994; Fagotto et al., 1996) . We show that the effects caused by Tcf mutant proteins are likely specific since they inhibit transcription from the Xenopus sia promoter, a direct target for Tcf-3 (Brannon et al., 1997) and, moreover, this inhibition can be rescued by additional coexpression of mouse Lef-1 or bcat.
The activation of gsc by the bcat/Tcf-3 complex is likely to be indirect. A Wnt-responsive element in the gsc promoter does not contain Tcf-3 binding sites but has been shown to be a direct transcriptional target of the products of the related genes Twin and, presumably, sia (Laurent et al., 1997; Fan and Sokol, 1997) , the latter being the direct transcriptional targets of xTcf-3 (Brannon et al., 1997; Laurent et al., 1997) . A similar analysis of the chd promoter has not yet been reported, although the fact that it is a target of Sia a Notochordless duplicated axis or heart cavity. b Notochordless single axis centered on the vegetal pole, heart cavity symmetrically surrounding the yolk, tail reduced, bent and often missing its ventralmost region (a characteristic of dorsalized embryos (Mullins et al., 1996) ). c Ventralization series (Kishimoto et al., 1997) . V1, reduced eyes and head; V2, severely reduced head and no notochord; V3, no anterior structures or notochord; V4, radialized embryo. d Uninterpretable phenotypes: include embryos with severely arrested epiboly. (Carnac et al., 1996; Fan and Sokol, 1997) suggests that its regulation by bcat and Tcf-3 may also be indirect.
Interference with bcat and Tcf-3 activity leads to ectopic dorsal-specific gene expression in marginal regions during gastrulation
We show that mutant constructs that reduce early endogenous dorsal-specific gene expression also lead to the ectopic expression of these genes during gastrulation (summarized in Fig. 4) . The idea that the mutant constructs used in this study continue to inhibit the function of bcat and Tcf-3 during gastrulation is supported by the correlation between the inhibition of endogenous dorsal-specific expression at the blastula stages and the induction of ectopic expression at the gastrula stages. Indeed, we show that a Myc-tagged version of DNTcf perdures until at least midgastrulation, and that marginal cells that contain this product ectopically express gsc.
These data suggest that bcat and Tcf-3, aside from activating dorsal-specific genes at the blastula stages, are required during gastrulation for the repression of these same genes in ventrolateral marginal regions. Such a function is in agreement with the fact that post-MBT Wnt8 activity is thought to induce ventrolateral fates and repress dorsal gene expression within the mesoderm (Christian and Moon, 1993; Hoppler et al., 1996; Leyns et al., 1997; Wang et al., 1997; Glinka et al., 1998; Hoppler and Moon, 1998) and with the observed nuclear accumulation of bcat in ventrolateral regions in Xenopus and zebrafish gastrulae (Schneider et al., 1996; Warga, 1996) . Recently, it has been shown in Xenopus that the simultaneous inhibition of both Wnt and BMP pathways during gastrulation leads to head induction and axis duplication (Glinka et al., 1997; Glinka et al., 1998) , in a manner reminiscent of the effects we observe in embryos expressing mutant Tcf-3 proteins and Cadherin. These observations suggest a possible role for bcat and Tcf-3 to repress dorsal genes during gastrulation, possibly to mediate the activity of the ventrolaterally expressed Wnt8. However, as we have so far only obtained the ectopic expression at the gastrula stages through overexpression using RNA injections, we cannot rule out other causes due to earlier effects. We are currently investigating these possibilities by developing experimental procedures that will efficiently express these products only during gastrulation.
In conclusion, this report shows that bcat and Tcf-3 activity is required for the induction of the dorsal axis in the zebrafish, showing a conserved role of these molecules in lower vertebrates. Moreover, our results also suggest a function for bcat and Tcf-3 later during gastrulation, possibly in the dorsal restriction of Spemann organizer activity.
Experimental procedure
Fish and embryos
Fish were reared under standard laboratory conditions as described in Brand et al. (1995) . Typically, eggs were collected synchronously at the beginning of the light cycle. Embryos were grown at 27°C and staged according to age and morphological criteria (Kimmel et al., 1995) . Fig. 8 . Expression of eve in TcfBD-overexpressing embryos. Embryos are from parallel double in situ hybridizations for gsc (black) and eve (red) in uninjected (A), or tcfBD-injected embryos (B,C). Side views, dorsal to the right in (A). In embryos overexpressing TcfBD, the expression of dorsal and ventral genes adopts complementary patterns. Of those tcfBD-injected embryos exhibiting a radial expression, for example, some exhibit weak or no dorsalspecific gene expression and a concomitant expansion of eve expression (B: 33%, n = 15), while the others express dorsal-specific genes ectopically and have low eve expression (C: 67%, n = 15). Fig. 9 . bcat-overexpression induces ectopic domains of ztcf-3 expression. In situ hybridization with ztcf-3 antisense probe of uninjected (A) and bcat-injected (B) embryos. Animal views at 7 h pf. Note enrichments of ztcf-3 expression characteristic of the dorsal mesoderm (arrowheads), and an ectopic domain in the bcat-injected embryo.
Molecular cloning
ztcf-3 cDNAs were isolated after screening zebrafish neurula Zap II cDNA libraries (Stratagene, J. Odenthal, MPI, Tubingen) by low stringency hybridization with the mouse lef-1 gene. Phagemids were excised as plasmids using the ExAssist kit (Stratagene). One of the isolated cDNAs encoded an open reading frame that is immediately preceded by an in-frame stop codon and is therefore complete. Both strands of this clone were sequenced using AutoRead and A.L.F. sequencer (Pharmacia).
DNA constructions
Tcf-3 and bcat constructs were cloned into CS2 + or CS2 + MT expression vectors (R. Rupp, FML, Tubingen) using standard procedures. Constructs include the following amino acids of the corresponding zebrafish Tcf-3 protein: Tcf, 1-547; DNTcf, 54-547; TcfBD, 1-88. Zebrafish bcat used in this study is an activated form lacking the first 54 amino acids (Pai et al., 1997) cloned into a CS2+ vector. Overexpression of the full-length zebrafish bcat (A. Scherer and R. Kemler, MPI, Freiburg) produces similar, although weaker, effects (data not shown).
RNA and DNA injections
Transcription of RNA was carried out using mMessage mMachine RNA Transcription Kits (Ambion). CS2 + -based constructs were digested with NotI and transcribed with SP6 RNA polymerase. Prolactin, EP-cadherin and lacZ RNA were prepared as in Amaya et al. (1991) , Mu\ac-nchberg et al. (1997) and Rupp et al. (1994) , respectively. Transcribed RNA was precipitated with ammonium acetate/ isopropanol as suggested by the manufacturer and resuspended in DEPC-treated water. RNA was injected into the yolk of embryos before the two-cell stage, except when a more localized expression was desired, in which case the injection was carried out in the yolk region under one or two cells of 8-to 32-cell embryos. Plasmid DNA for injection was purified using Quiaquick spin columns (Quiagen) and eluted with water. For each injection, the pressure settings were adjusted to deliver approximately 1 nl of solution by measuring the diameter of the sphere when injected into mineral oil. Amounts of RNA injected were 500 pg per embryo in the experiments shown (except those in Fig.  4B-D, see legend) . Similar phenotypes were obtained by injecting amounts as low as 100 pg per embryo.
In situ methods and luciferase assays
Whole-mount in situ hybridizations were carried out as described previously (Hammerschmidt et al., 1996a) except that RNA probes were purified using 0.6-ml spin columns of DEPC-treated Sephadex G-50 and the antibody steps were carried out using 0.2% Blocking reagent (Boehringer Mannheim) in maleate buffer (150 mM maleic acid, 100 mM NaCl, pH 7.5), incubated in AP-conjugated antibody in 0.2% Blocking reagent in maleate buffer and washed with maleate buffer. Double in situ hybridizations were carried out using a combination of digoxigenin and fluorescein labeled RNA as in Hauptmann and Gerster (1994) . pB Sztcf-3 was used to produce ztcf3 probes by linearizing and transcribing with NotI and T7 RNA polymerase (antisense) and XhoI and T3 RNA polymerase (sense).
Other probes were produced as previously described: gsc, Schulte-Merker et al. (1994) ; chd, Schulte-Merker et al. (1997) ; eve, Joly et al. (1993) . Antibody staining was performed using the anti-myc monoclonal 9E10 (Dianova) at a 1:1000 dilution as in Schulte-Merker et al. (1994) . Luciferase activity was carried out by extracting triplicate samples of 10 sphere-stage embryos each in 50 ml of Lysis buffer (Luciferase Assay System, Promega), and assaying with a luminometer (Lumat LB 9501, Berthold) according the manufacturer's instructions. Data from at least two injections were similar and have been either pooled (in situ and live phenotypes), or one of the experiments shown (luciferase activity in coinjections).
